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I N T R O D U C T I O N
Water temperature is an integral part of the planktonic habitat, with temperature variation influencing regional and seasonal distribution patterns of planktonic organisms. Long-and short-time-scale temperature variations may impact planktonic organisms. Short-term fluctuations in temperature such as seasonal solar warming of the upper layers of a water column, with resultant stratification, have been associated with local increases in phytoplankton abundance (Sverdrup, 1953) . Long-term temperature fluctuations associated with variation in coupled ocean-atmosphere systems such as those initially described in the "Russell Cycle" have been related to ecosystem-wide shifts in plankton community composition and abundance (Russell et al., 1971; Southward et al., 1975; Aebisher et al., 1990; Reid et al., 1998) . Seemingly small changes in temperature have been associated with dramatic shifts in "marine climate" (Dayton et al., 1999) and changes in plankton abundance and community composition (Hays et al., 2005; Behrenfeld et al., 2006) . Small temperature changes may be propagated through plankton-based ecosystems by differential changes in primary producer and consumer growth and loss process rates, which can result in dramatic changes in abundance and composition of marine communities, with related changes in biogeochemical cycling (Molinero et al., 2005; Fulweiller et al., 2007; HoeghGuldberg and Bruno, 2010) . Changing temperatures can also alter patterns of plankton biogeography (Beaugrand et al., 2002; Hays et al., 2005; Chaalali et al., 2013) , patterns of reproduction (Boyer et al., 2013; Peck et al., 2015; Holm et al., 2018) and phenology, the timing of life-cycle events (Edwards and Richardson, 2004; Ji et al., 2010; Mackas et al., 2012; Varpe, 2012; Atkinson et al., 2015; Beaugrand and Kirby, 2018) .
Temperature-dependent zooplankton grazing has been identified as a primary driver of variability in the timing and magnitude of phytoplankton blooms, particularly the winter-spring phytoplankton bloom in north temperate systems (Riley, 1967; Townsend and Cammen, 1988; Townsend et al., 1994; Keller et al., 1999) . During cold winters, typical of the 1960s and 1970s in Narragansett Bay, zooplankton abundance and grazing rates were reduced and a relatively strong winter-spring diatom bloom often occurred, which settled largely ungrazed to the benthos (Keller et al., 1999; Oviatt, 2004) . In contrast, during relatively warm winters such as those of the 1980s and later in Narragansett Bay, increased zooplankton grazing consumed the winter-spring diatom bloom and decreased flux to the benthos (Fulweiller et al., 2007) .
The seasonal range in water temperatures in Narragansett Bay (from~1°C to 23°C- Nixon et al., 2009 ) challenges the ability of poikilothermic zooplankters such as copepods to remain in the water column throughout the year. Thus, most zooplankters in Narragansett Bay make seasonal appearances in the plankton during periods of suitable temperatures, with populations of these species surviving in diapause as fertilized resting eggs in the sediments during periods of unsuitable water temperatures (Jeffries, 1962) .
The dominant calanoid copepods in Narragansett Bay, Acartia hudsonica and Acartia tonsa exhibit seasonally offset temperature-related periods of appearance in the plankton. Acartia hudsonica (formerly misidentified in eastern North America as the Eurasian species Acartia clausi- Bradford, 1976 ) is in the plankton mainly during cold seasons, whereas A. tonsa is present in the plankton mainly during warmer seasons. Both congeners can co-occur during transition periods. The seasonality of these congeners has been described for locations where they co-occur, including Long Island Sound (Conover, 1956; Rice et al., 2015; Rice and Stewart, 2016) , Peconic Bay, Long Island (Turner, 1982; Turner et al., 1983) , Narragansett Bay (Jeffries, 1962; Sullivan and McManus, 1986; Sullivan et al., 2007) , Boston Harbor (Turner, 1994) and Maine (Lee and McAlice, 1979) .
Acartia hudsonica and A. tonsa have been discussed by Lee and McAlice (1979), Gerber (1999) and Turner (Turner, 2000 (Turner, , 2003 . Acartia hudsonica is a small calanoid copepod (males 0.99-1.02 mm, females 1.12-1.20 mm length) that occurs in estuarine waters of eastern North America from the Gulf of Maine to Chesapeake Bay. It is found year round in most locations and is most abundant in late summer and fall in northern areas, and in fall and winter in southern areas. Acartia tonsa is slightly larger (males 1.0-1.3 mm, females 1.3-1.5 mm length) than A. hudsonica and occurs in estuarine waters from Puerto Rico and the Gulf of Mexico to the St. Lawrence River estuary. In northern areas (Long Island Sound to the Gulf of Maine), A. tonsa reaches highest abundance in mid-late summer to early fall, and is absent in midwinter. In southern regions (Chesapeake Bay to Puerto Rico and the Gulf of Mexico), A. tonsa occurs year round. The seasonal occurrence of the two species, at least in northern areas, is due to alternating periods of population diapause by fertilized resting eggs. In northern areas, A. hudsonica occurs in the plankton mainly during colder periods, whereas A. tonsa occurs in the plankton during warmer periods. Both species are broadly omnivorous, ingesting phytoplankton, microplanktonic protists and copepod nauplii (Turner, 2000) , and both species are prey of fish larvae, jellyfish and ctenophores.
Both Acartia species can produce subitaneous eggs that hatch immediately, as well as dormant fertilized diapause eggs that survive in the sediments until water temperatures are favorable for them to hatch. Acartia tonsa produces diapause eggs when winter-water temperature drops below~2-4°C (Zillioux and Gonzalez, 1972) , and these eggs hatch when spring temperatures reach 10°C (McAlice, 1981) . Acartia hudsonica produces diapause eggs when water temperature rises above 16°C (Sullivan and McManus, 1986) , and these eggs hatch when temperature drops below 15°C (Sullivan et al., 2007) . Since both the timing of appearance in the water column as well as diapause as resting eggs for these copepods are related to temperature, and Narragansett Bay has experienced a multi-decadal period of warming due to climate change (reviewed by Nixon et al., 2009) , it is hypothesized that the phenology of appearance in the plankton for the Acartia congeners has also changed. The 1972-1990 weekly zooplankton time-series sampling in lower Narragansett Bay provides an opportunity to examine this hypothesis over a period of nearly two decades.
Zooplankton have been identified as "beacons of climate change" due to their sensitivity to temperature change and short (<1 year) lifespans (Richardson, 2008; Mackas and Beaugrand, 2010) . In Narragansett Bay, a temperature increase of 2°C can cause a 3-week decrease in the development time of A. hudsonica in Narragansett Bay (Durbin and Durbin, 1992) . Further, A. hudsonica abundance and grazing rates both increase with the spring rise in temperature up to A. hudsonica's optimum filtering temperature of 15°C (Deason, 1980; Thompson et al., 1994) . In winter, when temperature and grazing rates are low and Acartia is relatively scarce, grazing removes ca. 5% (per day) of the phytoplankton standing stock, but as vernal warming occurs grazing increases such that by May up to 40% of phytoplankton standing stock is grazed daily (Deason, 1980) . Narragansett Bay has experienced warming in its mean-annual water temperature on the order of 1.2°C since 1970, with a greater winter increase of~2.2°C since the 1960s (Ford, 1996; Cook et al., 1998; Oviatt, 2004; Nixon et al., 2009) . However, this warming has not been consistent over the past 50 years but instead has shown decadal warming periods, interspersed by periods of little temperature change. The mid-1970s through late 1980s marked a period of rapid water warming in lower Narragansett Bay, with a rate of warming during [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] (1.17°C per decade) that was four times the warming rate observed during 1959 -2000 (Borkman and Smayda, 2009a .
Given the importance of zooplankton in controlling the standing stock and trophic fate of phytoplankton, zooplankton responses to climate warming are an important component of understanding the anticipated responses to climate change. However, identifying zooplankton responses to climate change have been compromised globally by the relative lack of long-term zooplankton time series (Richardson, 2008) , and locally by the relative lack of zooplankton monitoring in Narragansett Bay during the warming period of the 1980s onward (Sullivan et al., 2008; Nixon et al., 2009) . Understanding the long-term response of Narragansett Bay zooplankton to climate change has also been complicated by the lack of comparable methods used in various studies during the 1970s and 1980s, which make detection of long-term zooplankton trends difficult (Durbin and Durbin, 1988; Nixon et al., 2009) .
By comparing results from several different Narragansett Bay zooplankton surveys, several studies have identified an apparent change in the timing of seasonal abundance patterns of the Acartia congeners. The seasonal peak of the winter-dominant A. hudsonica has shifted from AprilMay in the 1970s to March in the 2000s (Sullivan et al., 2007) . There was also an overall decline in summer abundance of A. tonsa since the 1980s (Costello et al., 2006a) . Interestingly, and counterintuitive to anticipated effects of winter warming, no change in the phenology of the summer dominant A. tonsa was detected in the comparison of pre-and post-1980s observations (Sullivan et al., 2007) . This unexpected result likely reflects changes in the magnitude and seasonal cycles of the ctenophore Mnemiopsis leidyi, which has increased in abundance, and since the 2000s, blooms earlier in the year with dramatic impacts on Acartia spp. abundance and phenology (Costello et al., 2006a; Sullivan et al., 2001 Sullivan et al., , 2008 . The limited historic Narragansett Bay zooplankton data available for analysis may have obscured the patterns and trends in zooplankton abundance and phenology during the transition from the pre-1980 cold winter zooplankton community described by Hulsizer (1976) to the warm winter community of the 2000s as described by Sullivan et al. (Sullivan et al., 2007) .
The zooplankton of lower Narragansett Bay were sampled weekly at a single station during 1972-1990 as part of a long-term ecosystem monitoring program (Smayda, 1957 (Smayda, , 1998 Smayda and Borkman, 2008) . In this paper, we describe the long-term abundance trends and changes in the seasonal cycles of A. hudsonica and A. tonsa during 19 years (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) ) that span the transition from the cold winters (pre-1980) to warm winters (post-1980) .
M E T H O D S Zooplankton collection and analysis
Estimates of zooplankton abundance were made weekly from January 1972 until December 1990 (19 years) at a single station in lower Narragansett Bay (Fig. 1) . Narragansett Bay (ca. 327 km 2 ) is a well-mixed, relatively shallow (mean depth 9 m), estuary located southwest of Cape Cod along the northeastern coast of the USA (ca. 41°30′N, 71°20′W) and contiguous with Rhode Island and Long Island Sounds (Fig. 1) . Nutrient-enriched freshwater flows into the upper bay via the Providence River estuary to produce a salinitynutrient gradient with low salinity (ca. 20) and elevated nutrients at the head of the bay and higher salinity (ca. 33), and decreased nutrients at its entrance (Kremer and Nixon, 1978; Smayda and Borkman, 2008) . The mean residence time of Narragansett Bay water is 26 days, varying from 10 to 40 days, depending on the volume of freshwater input and wind conditions (Pilson, 1985) . Tidal currents dominate the circulation in which higher salinity water flows into Narragansett Bay from Rhode Island Sound through the East Passage, and lower salinity water flows southward exiting through West Passage (Hicks, 1959) , although this general flow is subjected to seasonally varying degrees of modification by wind forcing (Kincaid and Pockalny, 2003; Kincaid et al., 2008) .
Lower Narragansett Bay zooplankton were sampled with double oblique vertical tows using a 153 μm-mesh net with a 0.35 m opening equipped with a calibrated General Oceanics flow meter. Tows sampled the water column from surface to near bottom (~9 m depth). Zooplankton samples were preserved in 5% buffered formalin and split with a plankton splitter. One half of the preserved sample was prepared for counting by diluting to an appropriate volume (50-250 mL) such that a 1-mL Stempel pipette contained 200-300 animals. The other half of the sample was processed for dry weight estimation. All zooplankton in the 1-mL Stempel pipette subsample were counted to lowest possible taxonomic category. If the total number of animals counted was <200, a second 1-mL aliquot was counted so that a minimum of 200 individual zooplankters were counted in each weekly sample. Acartia hudsonica and A. tonsa adults and copepodite stages were identified and enumerated separately, but are grouped together and presented here as A. hudsonica and A. tonsa totals. These Acartia totals do not include nauplii.
It was possible for one of the co-authors (P.F.) to distinguish copepodites of each of the two Acartia species. This was done by separating copepodites of both species one stage at a time, and then counting all copepodites of a given stage while distinguishing copepodites of each of the species. Copepodites of A. hudsonica have longer and thinner caudal rami, and overall a slightly longer (proportionately) urosome than copepodites of A. tonsa.
The zooplankton data presented here are part of a larger long-term monitoring program, and related field and laboratory zooplankton methods and observations have been described in Deason (Deason, 1980) and Fofonoff (Fofonoff, 1994) . Surface water temperature was recorded to the nearest 0.25°C with a calibrated Fisher Scientific thermometer at the time of each zooplankton tow. Zooplankton, water temperature and related data are available at NABATS.org (http://www. nabats.org/). 
 D A T A A N A L Y S I S Time-series analysis
Time series of weekly A. hudsonica and A. tonsa abundance was decomposed into trend and seasonal components using a method similar to that used in analyzing a 34-year time series of North Sea zooplankton abundance (Broekhuizen and McKenzie, 1995) . Weekly observations were averaged into monthly means yielding a 228-month (January 1972-December 1990) time series of Acartia abundance. There were several (13) single months missing observations during the 228-month time series and 7-month gaps in both 1979 and 1988 (7 months of missing data in each of those 2 years). For single months missing data, linear interpolation was used to estimate abundance during the month of missing data. For missing data gaps greater than 1 month, the long-term monthly mean was used to fill the gap. A multiplicative model was used in which the time series of original observation (X t ) was assumed to be composed of trend (T t ), seasonal (S t ) and irregular (I t ) components:
Trend was estimated by first calculating a monthly index, used as an estimate of seasonality (S t ) for each month. The monthly index was the ratio of each monthly value divided by the annual mean of the value and then calculating the mean ratio of all corresponding months in the time series. The original monthly time series (X t ) was divided by the corresponding monthly index (S t ) to yield a de-seasonalized trend (T t ) time series:
This de-seasonalized time series (T t ) was smoothed by a LOWESS smoother (with a window equivalent to 15% of time-series length) to yield estimates of long-term deseasonalized Acartia trends presented here. Long-term trends were also tested for significantly non-zero slope by fitting a line to the long-term trend. The slope of each trend having a significant non-zero linear slope was used to estimate the rate of long-term change of that variable.
Phenology
Changes in Acartia spp. seasonal patterns and phenology were analyzed by plotting each annual cycle and identifying three key features in each of the 19 A. hudsonica and A. tonsa annual cycles analyzed. These features were the week in which copepodites of each species first appeared, the week in which each species was last detected and the duration of each species' presence at the lower Narragansett Bay station. Duration was calculated by subtracting the week of first appearance from the week of last appearance. Times of each species' appearance and disappearance frequently transgressed the calendar year break (1 January). In these cases, the weeks of the prior year were coded as 0, −1, −2, etc. corresponding to Weeks 52, 51, 50 of the prior year. Surface water temperatures at the time of these first and last appearances of each species in each year were also identified and analyzed for trends. Long-term linear changes in Acartia spp. phenology were quantified by fitting a linear model to each phenological trait (week of first appearance, week of last appearance, duration). Data were checked for normality prior to linear regression analysis and were transformed, if necessary, to fit the assumptions of the normal distribution. In addition, mean Acartia spp. phenological traits (first seasonal appearance, last seasonal appearance, duration) during the first 5 years (1972) (1973) (1974) (1975) (1976) and last 5 years (1986) (1987) (1988) (1989) (1990) of observation were compared with either t-tests or Mann-Whitney tests if data did not approximate the normal distribution. Trend analyses and statistical analyses were completed using JMP software.
R E S U L T S
Acartia spp. seasonal pattern Overall A. hudsonica and A. tonsa were the dominant copepods in Narragansett Bay during 1972-1990 and constituted ca. 60% numerically of the total copepods retained by the 153 μm-mesh net used in this study. On an annual basis, the two Acartia species combined constituted from 43% (1973) to 73% (1977) of total copepods (Fig. 2) . Acartia hudsonica's contribution to total copepods was greatest in winter and spring when it constituted ca. 55% of total copepods. Acartia tonsa's contribution to total copepods was greatest during summer and early autumn when it constituted ca. 60% of total copepods during weeks 31-42.
Acartia hudsonica was the dominant winter species, with an annual cycle that began in mid-autumn when A. hudsonica levels increased from near zero during weeks 31-39, and gradually increased over weeks 40-50 to levels of 6000-9000 animals m −3 (Fig. 2) . Levels of 6000-9000 animals m −3 were maintained for the 13-week period from Week 51 to Week 11. In Week 12 (late March), a rapid increase in A. hudsonica began, with A. hudsonica abundance increasing from near 8000 animals m −3 to ca. 32 500 animals m −3 during Week 17 (late April). Levels of >19 000 animals m −3 were usually sustained for a 10-week period extending from Week 14 to Week 23 (early April through mid-June). During Weeks 24-30, A. hudsonica abundance declined progressively until the Week 32-39 (August -September) period when <100 animals m −3 were observed. No A. hudsonica were observed during summer weeks 33, 35 and 36.
Acartia tonsa was dominant in summer, with a peak of ca. 23 000 animals m −3 attained in weeks 29-30 (early July) (Fig. 2) . Acartia tonsa's annual cycle had <500 animals m −3 during January through mid-June (Weeks 1-24). No A. tonsa were observed during Weeks 15-17 and 19 (late April and early May). Acartia tonsa abundance rapidly increased from ca. 750 animals m −3 during Week 25 to 22 000 to 23 000 animals m −3 during Weeks 29 and 30 (mid-July). A period of elevated A. tonsa abundance followed in the next 12 weeks during which A. tonsa abundance was 5000-12 000 animals m −3
during Weeks 31-42 (late July through mid-October). During late October through December (Weeks 43-52), A. tonsa abundance gradually declined from 5000 to 2000 animals m −3 by the end of the calendar year.
Long-term Acartia spp. trends
Time-series analysis revealed contrasting patterns of long-term A. hudsonica and A. tonsa abundance. Mean deseasonalized A. hudsonica abundance was 9244 animals m −3 during 1972-1990 and A. hudsonica abundance displayed a series of multi-year oscillations around the long-term mean over the 19-year period (Fig. 3) ) and 1986-1988 (11 000-13 000 animals m −3 ) (Fig. 3) . These peak-abundance periods were interspersed with two periods of relatively low abundance: [1980] [1981] ) during 1986-87 (Fig. 3) . Acartia tonsa abundance was variable during 1988-1990, as abundance declined to relatively low levels of 3000-4000 animals m −3 (Fig. 3) . Over the 1972-1990 period, there was a positive (= increasing) trend in both mean-annual and de-seasonalized A. tonsa abundance. De-seasonalized A. tonsa abundance increased at a linear rate of~264 A. tonsa m −3 yr −1 (linear regression analysis; r 2 = 0.32, P ≤ 0.0001). This same increasing trend is apparent in the meanannual abundance (Fig. 3) , with A. tonsa mean-annual abundance increasing at a similar linear rate of 216 A. tonsa m −3 per year (linear regression analysis; r 2 = 0.36, P = 0.0107) during [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] . The long-term increase in annual mean A. tonsa level was due to increases in the spring (second quarter) and the large summer (third ), A. tonsa increased at a linear rate of ca. 5% per year over the 19 years studied (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) .
Seasonal trends may be embedded in the long-term abundance trends (Broekhuizen and McKenzie, 1995) outlined above. Analysis of mean-monthly abundance levels of the two species revealed that A. hudsonica abundance had significant linear trends in 2 months: January and March (Table I) . January abundance of A. hudsonica decreased during 1972-1990 at a linear rate of ca. 500 animals m −3 yr −1 (r 2 of linear regression = 0.23, P = 0.0363) while March abundance of A. hudsonica increased at a linear rate of ca. 570 animals m −3 yr −1 (r 2 of linear regression = 0.27, P = 0.0233) indicative of a reduction in A. hudsonica abundance during the early portion (January) of its annual cycle (Fig. 2) between 1972 and 1990. Acartia tonsa abundance had significant long-term increasing linear trends in 3 months: February, July and August. February A. tonsa abundance increased at a linear rate of ca. 10 animals m −3 yr −1 (Table I ) mainly due to elevated February A. tonsa abundances of 126-472 m −3 in February of 1984, 1985, 1986, 1990 (compared (Table I ). The increasing monthly trends indicate both a long-term A. tonsa increase during the summer peak (July and August), but also an increase of A. tonsa during the winter (February).
Changes in Acartia spp. phenology
Long-term trends indicate a changing pattern of Acartia tonsa increases in both summer and early winter and A. hudsonica declines in early winter and increases in late winter. Typically, A. hudsonica was present from late December to July and A. tonsa was present from midJune to February (Fig. 2) . This alternation of species typically yielded a mean A. hudsonica duration of 31 weeks and a mean A. tonsa duration of 21 weeks during an annual cycle (Fig. 2) . However, the timing of each species' annual appearance, disappearance and subsequent duration in the Bay varied. The timing of these transitions in each year and the temperature at which they occurred were tracked to investigate any long-term changes in the timing of each species' seasonal appearance, disappearance and period of duration in Narragansett Bay. Acartia hudsonica appeared, on average, during Week 40 (late September), increased through the winter and was last observed, on average, in July, resulting in an average duration of 43 continuous weeks in the Bay (Table II) . However, there was variation around the appearance and departure dates and resulting duration periods. Acartia hudsonica appeared as early in the season as Week 37 (early September; in 1980 , 1987 or as late as Week 45 (early November; in 1974). The time of A. hudsonica's seasonal disappearance (mean = Week 30, mid-July) varied only over a narrow 4-week range, from Week 29 (1975 Week 29 ( , 1981 to Week 32 (1983). Acartia hudsonica's duration in the Bay varied around the 43-week mean from a minimum of 38 weeks (1974) up to a maximum of 47 weeks in 1982. The mean temperature at which A. hudsonica was first observed was 16.8°C, with a minimum of 10.9°C (1974) and a maximum of 20.5°C in 1982. The mean temperature at which A. hudsonica was last observed in each season was 22.5°C, with a minimum of 20.3°C (1973) and a maximum of 23.4°C (1974) . No statistically significant linear trends marked the appearance, disappearance, temperature at the time of appearance or disappearance or duration of A. hudsonica over the 1972-1990 period. The P-values of the A. hudsonica linear trends were ca. 0.10, with r 2 values of ca. 0.25. Also, comparison of A. hudsonica phenolgical traits during the first 5 years of observations (1972) (1973) (1974) (1975) (1976) was not significantly different from the mean values observed during the last 5 years (1986) (1987) (1988) (1989) (1990) of observations (Table II) . On average, A. tonsa first appeared in late May (Week 24) and was found at the lower Bay station over a 34-week period until its disappearance in late January to early February (Week 5) (Table II; Fig. 4a ). The timing of A. tonsa's annual appearance in the Bay varied over an 8-week period, from as early as Week 20 (early May) in 1987 to as late as Week 28 (early July) in 1972. Time of seasonal disappearance (Fig. 4b) varied over a 13-week window between Week 51 (in 1977) to as late as Week 11 (in 1984, 1985) . The resulting period of A. tonsa duration in the Bay (Fig. 4c) varied from 28 weeks (1973, 1974) to 42 weeks (1985) , with a mean duration of 34 weeks in the Bay. Unlike A. hudsonica, statistically significant linear trends marked A. tonsa's pattern of seasonal appearance, disappearance and duration between 1972 and 1990 (Table II) . During this time period, A. tonsa tended to arrive sooner, and stay later in the season, resulting in an increasing period of duration in the Bay in the 1980s. The week of A. tonsa's first appearance moved earlier into the year at a linear rate of ca. 0.3 weeks per year (linear regression, r 2 = 0.46, P = 0.0056) while the timing of A. tonsa's seasonal disappearance moved later into the year at a linear rate of ca. 0.5 weeks per year during [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] (Table II) . This lengthened A. tonsa's period of duration in the Bay at a linear rate of ca. 0.75 weeks per year during [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] (Table II ; Fig. 4c ). Following these linear trends, A. tonsa's first appearance moved earlier in the year from Week 25 (mid-June) in 1972 to Week 22 (mid-May) in 1986 -1990 ; its week of last appearance in the Bay moved later, from Week 2 (January) to Week 8 (late February) during [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] ; and the resulting seasonal duration of A. tonsa in the Bay increased from 31 weeks (1972-1976) to 38 weeks (1986-1990) (Fig. 4a-c ; Table II) .
No linear trends were apparent in the long-term patterns of temperature at the time of A. tonsa's first and last seasonal appearances, with A. tonsa first appearing at a temperature of ca. 17.5°C in the spring, and staying until the water temperature fell below ca. 2.5°C in the winter (Table II) . The week in which temperature first declined to <2.5°C was Week 2 (early January) on average during 1972-1990, but occurred as early as Week 50 (December, in 1977) , or as late as Week 7 (February, in 1989) . Acartia tonsa's seasonal duration was strongly dependent on the week of its last appearance in the winter, with no such relationship apparent between week of first appearance in the spring and duration. Thus A. tonsa's increased seasonal duration was not due to a change in the copepod's temperature thresholds, but rather due to a delay in the onset of <2.5°C temperature associated with the usual seasonal disappearance of A. tonsa from the Bay in early winter. The net result of the earlier seasonal appearance and delayed seasonal disappearance of A. tonsa was an increase in A. tonsa's period of duration in the Bay of ca. 33% between the level observed in the early 1970s (ca. 31 weeks) and that observed in the late 1980s (ca. 38 weeks) (Fig. 4c) . Lower Narragansett Bay mean water temperature has increased~1.5°C since the 1950s with the largest temperature increase, of up to 2.2°C occurring in the winter and early spring months (Oviatt, 2004; Nixon et al., 2009) . Much of this warming occurred during 1975-1986 when mean-annual water temperature increased by ca. 1.2°C (Borkman and Smayda, 2009a) . Similarly, during the 1972-1990 period that we examined, water temperature showed a strong linear trend during the second quarter (April-June), with a ca. 0.7°per decade increase in the second quarter (April-June) in water temperatures during [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] (Fig. 5a ). Other quarters of the year did not have the linear increases in temperature that were apparent for the second-quarter observations. The secondquarter warming trend was coincident with a long-term summer A. tonsa increase (Fig. 5b) . Summer (third quarter) A. tonsa abundance had a positive response to this warming spring (second quarter) water temperature, with meansummer A. tonsa abundance increasing by ca. 7000 animals m −3 for every 1°C increase in spring water temperature over the ca. 3°range in spring water temperature observed during 1972-1990.
D I S C U S S I O N
Several trends and patterns marked lower Narragansett Bay Acartia spp. abundance during [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] . Mean A. tonsa abundance rose, approximately doubling from ca. 2500 animals m −3 during 1972-1975 to ca. 5000 animals m −3 during the late 1980s. Most of this increase was due to spring and summer increases in A. tonsa abundance. Summer A. tonsa abundance increased at a linearized rate of ca. 1095 animals m −3 yr −1 during 1972-1990, which is equivalent to an increase of ca. 5% of the mean-annual level per year over the 19 years studied (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) . This summer increase was statistically linked to warmer spring (second quarter) water temperatures. In contrast, A. hudsonica displayed no longterm increase during [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] . However, seasonal A. hudsonica changes were detected. January A. hudsonica abundance declined at a linear rate of ca. 500 animals m −3 yr −1 during 1972-1990. These early winter declines appeared to be offset by an increase in March A. hudsonica abundance which increased at a linearized rate of ca. 570 animals m −3 during 1972-1990. The abundance trends outlined above mark a fundamental change in the relative abundance of the two Fig. 4 . Lower Narragansett Bay Acartia tonsa phenology trends including week of initial seasonal appearance (a), week of last seasonal appearance (b) and duration of presence (c) during 1972-1990. seasonally dominant Acartia congeners in lower Narragansett Bay. During 1972 -1973 , Hulsizer (1976 observed that the winter-dominant A. hudsonica had a mean-annual abundance that averaged 3.9 times that of the mean abundance of A. tonsa. Hulsizer (Hulsizer, 1976) used the same methods and at the same long-term monitoring station as the one studied here. These results are similar to the observations during the early years (1970s) of the 1972-1990 observations analyzed here in which A. hudsonica abundance averaged 3.8-times A. tonsa abundance. After the 1980s, the ratio of A. hudsonica to A. tonsa declined dramatically from 3.8 to 1.9 due to an increase in A. tonsa abundance. Hulsizer (Hulsizer, 1976) noted that the dominance of the winter-dominant A. hudsonica in US Atlantic coast estuaries north of New Jersey such as Narragansett Bay and Long Island Sound was contrasted by the dominance of the summer dominant A. tonsa in regions south of New Jersey such as Delaware Bay and Chesapeake Bay. During the 1980s in Narragansett Bay, it appears that the annual abundance patterns of the dominant Acartia spp. shifted to a pattern more similar to that characteristic of the Chesapeake Bay region. This change mirrors changes during the 1980s and 1990s in the Narragansett Bay fish community which shifted from a cold-water to a warmer-water community similar to that of the Chesapeake Bay region (Collie et al., 2008) .
The increase in Narragansett Bay A. tonsa, described above, may reflect the initial, stimulatory responses of zooplankton to warming winter-water temperatures (Richardson, 2008) . While an increase in A. tonsa abundance was detected during [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] , analyses of more recent Narragansett Bay zooplankton observations have shown dramatic declines in A. tonsa abundance relative to those observed in the before the 1990s (Costello et al., 2006a; Sullivan et al., 2007 Sullivan et al., , 2008 . For example, maximum summer A. tonsa abundance in lower Narragansett Bay declined from near 15 000 m −3 during 1951-1998 (similar to the 1972-1990 mean-summer maximum of 17 000 animals m (Costello et al., 2006a) . The mechanism driving this reduction of A. tonsa appears to be an increase in the abundance and an advance in the seasonal appearance of the predatory ctenophore Mnemiopsis leidyi (Deason and Smayda, 1982; Sullivan et al., 2001 Sullivan et al., , 2008 Costello et al., 2006a Costello et al., ,b, 2012 Beaulieu et al., 2013) . Since the year 2000, the seasonal peak in Mnemiopsis abundance has advanced such that it coincides with the seasonal A. tonsa peak, with ctenophore predation on copepods decimating A. tonsa populations in Narragansett Bay. Acartia tonsa post-2000 summer abundance levels in the Bay were approximately one-fifth the levels observed during 1951 (Costello et al., 2006a .
Ctenophore predation upon Acartia tonsa also appears to be important in other estuaries. In one of the few long-term time series of zooplankton abundance from Chesapeake Bay, Kimmel et al. (Kimmel et al., 2012) found that there was a significant decline in summertime abundance of Acartia tonsa from 1966 to 2002. Kimmel et al. (Kimmel et al., 2012) suggested that this decline in A. tonsa appeared to be related to increased eutrophication, which led to increased phytoplankton biomass in the spring bloom, which was ungrazed by A. tonsa due to spring temperatures that were too warm for A. tonsa, which led to ungrazed phytoplankton sinking to the deeper waters, fueling anoxia. This anoxia was associated with a decline in landings of oysters (Crassostrea virginica) and abundance of sea nettles (Chrysaora quinquecirrha), presumably because of a lack of oyster 1972-1990 (a) and relation between second quarter water temperature and third quarter (July-September) mean Acartia tonsa abundance (b).

shell substrate for benthic polyps of sea nettles. The decline in sea nettles, which prey upon the ctenophore Mnemiopsis leidyi, was associated with increases in this ctenophore, which is tolerant of anoxia, which presumably led to predation-induced declines in A. tonsa.
While increased predation by ctenophores has undoubtedly impacted A. tonsa abundance, decreases in lower Narragansett Bay phytoplankton abundance also occurred in the 1980s. Phytoplankton pigment concentration declined by ca. 50% during [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] , with mean chlorophyll concentration falling from 60 mg m −2 in 1973 to 30 mg m −2 in 1990 Smayda, 1998, 2001) . There was also a decline in the abundance of a dominant group of Narragansett Bay diatoms, in that Skeletonema spp. declined by 45% after 1980 (Borkman and Smayda, 2009b) . Narragansett Bay zooplankton were food-limited during the 1970s (Durbin and Durbin, 1981) and there was a positive correlation between mean-annual chlorophyll and zooplankton abundance in Narragansett Bay in the mid1980s, suggesting bottom-up control of zooplankton abundance (Smayda and Borkman, 2008) . Given this, the reduction of phytoplankton experienced in post-1980s Narragansett Bay was likely to have contributed to the reduced zooplankton abundance observed more recently in Narragansett Bay.
In addition to changes in abundance, changes in the phenology of the warm-season dominant, A. tonsa, were detected during [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] . By 1990, A. tonsa tended to arrive earlier in the late spring or early summer and remain longer into the winter, such that the duration of its appearance in Narragansett Bay increased by 7 weeks during [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] . This was an increase from near 31 weeks duration in the early 1970s (1972) (1973) (1974) (1975) (1976) to near 38 weeks in the late 1980s (1986) (1987) (1988) (1989) (1990) . The Narragansett Bay winter-water temperature increase approximated 1.2°C during the period of the present study.
In contrast to our 1972-1990 observations, a retrospective analysis of Narragansett Bay zooplankton seasonality based on various zooplankton surveys during the period of 1951 -2004 (Sullivan et al., 2007 detected no seasonal advancement in time of A. tonsa appearance. This difference may be due to the data set analyzed by Sullivan et al. (Sullivan et al., 2007) being comprised of a collection of data from seven disparate and intermittent zooplankton studies made in the West Passage of Narragansett Bay during different periods, at different stations, and using a variety of methods during the period from 1951 to 2004. The use of various zooplankton net mesh sizes and other methodological differences dictated the use of maximum abundance ratios rather than actual abundance values in the Sullivan et al. (Sullivan et al., 2007) analysis. The data that we presented here were only available in electronic format in late 2017, so Sullivan et al. (Sullivan et al., 2007) did not have access to the 1972-1990 weekly data. Our paper is based upon data collected at a single station, weekly from 1972 to 1990 (with a few gaps), with consistent methodology used throughout. Conversely, the Sullivan et al. (Sullivan et al., 2007) analysis was based upon temporally sparse data collected as parts of several different studies conducted over a 50+-year period. Of the 636 months between the January 1951 and December 2004 period of reference in Sullivan et al. (Sullivan et al., 2007) , actual zooplankton sampling was done in only 121 (19%) of the months. Given the temporal coarseness of the data set, it is no surprise that it was difficult for the analysis applied by Sullivan et al. (Sullivan et al., 2007) to discern fine-scale (several weeks) temporal changes in phenology that were detected in the weekly sampled Acartia time series analyzed here.
The lack of long-term, high-frequency (weekly) observations analyzed by the retrospective study of Sullivan et al. (Sullivan et al., 2007) may have prevented detection of A. tonsa phenology changes that occurred during the 1980s. The increase in the seasonal duration of A. tonsa in Narragansett Bay during the 1980s documented from analysis of weekly samples in the present study likely marks the initial stimulatory responses of this thermophilic Acartia congener to warming. This initial response appears to have been subsequently modified by changes in ctenophore phenology and abundance that appear to have reduced A. tonsa abundance and altered ctenophore phenology in the early 2000s (Costello et al., 2006a) . Temperature-dependent changes in zooplankton phenology vary by species and functional group but have the general pattern of altering existing predatorprey relationships (Edwards and Richardson, 2004) . In Narragansett Bay the initial 1980s increase in A. tonsa seasonal duration and abundance, as recorded here, appears to have been followed by an increase in early summer ctenophore abundance and concomitant ctenophore predation which reduced A. tonsa abundance levels during the early 2000s (Sullivan et al., 2007) .
The 1980s increase in A. tonsa, during a warming period in Narragansett Bay, is consistent with patterns of abundance for offshore copepod species in some northeastern US continental shelf waters during the 1980s (Kane, 2007) . In the southern New England region of the northeastern shelf, contiguous with Block Island Sound and Narragansett Bay, winter abundance of dominant zooplankton (especially the copepod Calanus finmarchicus) increased~2-fold between 1978 and 1987 and spring zooplankton displacement volume also increased ca. 2-fold between 1980 and 1993 (Sherman et al., 1998) . Interestingly, comparison of the observations of Sherman et al. (Sherman et al., 1983) (Bigelow and Sears 1939) revealed no differences in zooplankton abundance in those two time periods (Sherman et al., 1983) . This suggests that the changes in southern New England shelf zooplankton described by Sherman et al. (Sherman et al., 1998) are a post-1980s phenomenon. Similarly, 1972 Similarly, -1990 changes in A. tonsa abundance and phenology described here are likely linked to a post-1980 warming of Narragansett Bay.
Temperate estuaries, such as Narragansett Bay, are marked by seasonally varying temperature ranges of more than 20-25°C. The dominance of seasonally alternating congeners in temperate estuaries seems to be a general pattern for coping with this large temperature range (Turner, 1981) . In Narragansett Bay, for example, key species at several trophic levels are marked by alternation of cryophilic species dominating in winter and thermophilic species dominating during summer. Examples include winter flounder and summer flounder (Jeffries and Johnson, 1974) , the copepods A. hudsonica and A. tonsa (Jeffries, 1962; Sullivan and McManus, 1986) and diatoms in the Skeletonema costatum species complex (Kooistra et al., 2008; Borkman and Smayda, 2009a; Canesi and Rynearson, 2016) . Warming might be expected to promote the dominance of the warmwater (summer) congener and a decline in the winter congener. In the case of Narragansett Bay flounder, this appears to be the case as winter flounder abundance has declined dramatically during the post-1980 warming of Narragansett Bay (Jeffries and Terceiro, 1985; Collie et al., 2008) .
Our analysis of A. hudsonica and A. tonsa patterns reveals that warming initially stimulated an increase in abundance and an increase in the seasonal duration of the thermophilic congener A. tonsa between 1972 and 1990. However, this initial stimulatory response to warming appears to have been modulated by a modification of trophic interactions in the form of earlier appearance (Sullivan et al., 2001; Costello et al., 2006a) of the ctenophore Mnemiopsis leidyi, with concomitant increased predation by Mnemiopsis on Acartia spp. (Sullivan et al., 2007) . Complex, temperature-dependent changes in zooplankton phenology and predator-prey interactions complicate predicting responses of estuarine systems to warming. Continuation of existing long-term estuarine zooplankton monitoring programs at biologically and ecologically relevant time scales (i.e. weekly or more frequently) is vital to documenting and eventually understanding estuarine zooplankton responses to climate warming.
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